haze regions of China, persistent heavy aerosol pollution episodes lasting more than 3 consecutive days 25 (HPEs) frequently occur, particularly in winter. In the North China Plain (NCP), explosive growth in 26 PM2.5, which occurs in some HPES, is dominated by a two-way feedback mechanism between further 27 worsened unfavorable meteorological conditions and cumulative aerosol pollution. However, whether 28 such a two-way feedback mechanism exists in other key haze regions is uncertain; these regions include 29 the Guanzhong Plain (GZP), the Yangtze River Delta (YRD) region, the Two Lakes Basin (TLB), the 30 Pearl River Delta (PRD) region, the Sichuan Basin (SB), and the Northeast China Plain (NeCP). In this 31
than 7 days with peak mass concentrations greater than 400 μg m -3 ( Fig. 3 (a) , dark blue lines). During 196 HPE1-2, we observed a striking two-way feedback mechanism between the worsened weather conditions 197 and the cumulated aerosol pollution (Fig. 3 , red and white boxes). When the near-ground PM2.5 198 accumulates to a certain extent, the particles scatter more solar radiation back to space, which 199 substantially reduces the surface radiation (Fig. 3 (e) , red boxes) and consequently lowers the near-200
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surface temperature (Fig. 3 (c) , white boxes). Under slight or calm winds (Fig. 3 (b) , red boxes), the 201 temperature reduction induces or reinforces inversions, which further weaken turbulence diffusion to 202 suppress the diffusion of water vapor and pollutants (Zhong et al., 2017; Zhong et al., 2018a) ; these 203 conditions also decrease the near-ground saturation vapor pressure to increase the RH (Fig. 3 (d) , red 204 boxes), which further enhances aerosol hygroscopic growth and accelerates liquid-phase and 205 heterogeneous reactions (Cheng et al., 2016; Fang et al., 2016; Tie et al., 2017) . This type of two-way 206 feedback mechanism leads to worsened meteorological conditions and elevated PM2.5 mass 207
concentrations. 208
During HPE1-2, we also observed an increase in the PM2.5 mass concentration caused by pollutant 209 transport. The aerosol pollution in Xi'an might be aggravated by the transport of pollutants from the 210 eastern polluted plain area with heavily polluted cities, including Yuncheng and Linfen. To reveal the 211 effects of air pollutant transport from the eastern plain on the aerosol pollution in Xi'an, we compared 212 the variation trends in the PM2.5 mass concentrations in Xi'an and Yuncheng under lower northwesterly 213 winds ( Fig. 3 (a, b) ). We found that during TSs in Fig. 3 (orange boxes), low-level northwesterly winds 214 would transport pollutants below the BL to maintain or aggravate the aerosol pollution in Xi'an whenXi'an was lighter or even eliminated. 217
In addition to the scavenging effect of clean northwesterly winds on aerosol pollution, pollution 218 elimination mainly depends on lower strong northwesterly winds and mid-upper level southerly winds. 219
Because the Loess Plateau north of Xi'an is sparsely populated with rare air pollutant emissions, lower 220 strong and clean northwesterly winds would blow away aerosol pollutants in Xi'an, causing a subsequent 221 rapid improvement in the air quality ( Fig. 3 (a, b) ). Since the mid-upper level southerly winds transport 222 water vapor to Xi'an from the area south of Xi'an, the mid-upper (or whole-layer) RH level is 223 considerably enhanced (i.e., greater than 96%) (Fig. 3 (b, d) , brown boxes), which causes the PM2.5 to 224 enter the fog-cloud phase and possibly produces precipitation that eliminates pollutants through wet 225 removal (Fig. 4 (d Situated in the Yangtze River Delta, Nanjing is the second largest city in the East China region. The south, 236 north, and east sides of the city are surrounded by the Ningzheng Ridges ( Fig. 1) , while the Yangtze River 237 flows along the west and part of the north sides. 238
From December 1, 2016 to January 10, 2017, four aerosol pollution episodes occurred in Nanjing 239 (Fig. 4 (a) , blue boxes). One of these episodes lasted for less than 3 days and had light pollution, while 240 the other three episodes persisted for more than 5 days and had peak mass concentrations greater than 241 150 μg m -3 ; thus, these three episodes are termed HPEs (Fig. 4 (a) ). During these three HPEs, although 242 the PM2.5 mass concentration was much lower than that in Beijing, the aerosol pollution formation was 243 similar to that in the latter, including earlier transport stages (TSs) and later cumulative stages (CSs) 244 (Zhong et al., 2017; Zhong et al., 2018a) . During the TSs in the HPEs, strong northerly winds transport 245 aerosol pollutants from the polluted North China Plain to the Yangtze River Delta region below and over 246 the BL (i.e., long-distance pollution transport), which induces a striking increase in the PM2.5 mass 247 concentration in Nanjing and a reduction in the PM2.5 mass concentration in Jinan, a regional center city 248 representative of the pollution conditions in the NCP (Fig. 4 (a, b) ). To some extent, based on the PM2.5 249 mass, the two-way feedback mechanism is activated during the CSs, in which we observed surface 250 radiation reductions, near-surface inversions, low-layer RH enhancement, and increased PM2.5 mass 251 concentrations under slight winds (Fig. 4) . Due to the lighter aerosol pollution in Nanjing, the two-way 252 feedback mechanism is weaker than that in Beijing (Fig. S1, 4 (a) ). In addition, the mechanism might be 253 weakened by relatively strong lower winds (compared to those in Beijing) (Fig. S1, 4 (b) ), which are 254 unfavorable for the accumulation of aerosols. 255
To reveal the regional pollutant transport patterns from the North China Plain to the Yangtze River 256
Delta region, we calculated the concentration difference in the PM2.5 mass between the start time and the 257 end time of the TSs in HPE1,2,4 (Fig. 5) . We found that the southern area of the North China Plain 258 experienced a substantial reduction in its PM2.5 mass concentration, while an increase occurred in the 259 Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-1077 Manuscript under review for journal Atmos. Chem. Phys. Discussion started: 5 November 2018 c Author(s) 2018. CC BY 4.0 License. most populous city in Central China. The Yangtze and Han rivers wind through this city, which has a 289 southern hilly and middle flat terrain (Fig. 1) . 290
From December 1, 2016 to January 10, 2017, four aerosol pollution episodes occurred in Wuhan 291 (Fig. 7 (a) , blue boxes). Three of these episodes lasted longer than 5 days and had peak mass 292 concentrations greater than 150 μg m -3 , which are termed HPEs ( Fig. 8 (a) ). During these three HPEs, 293
we observed a two-way feedback mechanism in the red boxes (Fig. 8) , including surface radiation 294 reductions, near-surface inversions, low-level RH enhancement, and increases in PM2.5 mass 295 concentrations under slight or calm winds (Fig. 4) . Similar to the conditions observed in Nanjing, Wuhan 296 experienced lighter aerosol pollution than Beijing (Fig. S1 , 7 (a)); thus, the two-way feedback mechanism 297 is weaker than that observed in Beijing. 298 Figure 5 shows the regional pollutant transport from the North China Plain to the Two Lakes Basin, 299 which also aggravates the PM2.5 pollution in Wuhan. As shown in the orange boxes of Fig. 8 , the lower 300 northerly winds transport pollutants from the north of Wuhan to below Wuhan and sometimes over the 301 BL, which results in increasing PM2.5 mass concentrations. Therefore, favorable northerly winds 302 establish a pollution linkage between the North China Plain and the middle and lower reaches of the 303
Yangtze River (including the Yangtze River Delta and the Two Lakes Basin), which have low and flat 304 terrains (Fig. S2 ). However, if the northerly winds are persistent and strong enough, they will blow the 305 aerosol pollutants out of the North China Plain entirely and then transport clean and cold winds to Wuhan; 306 under these conditions, the PM2.5 mass concentration first increases and then decreases dramatically. This 307 phenomenon was observed from December 12 to 14, 2016 and is shown in Fig. 8 . 308
In addition to the blowing effect of the strong, persistent northerly winds, clearing the pollution in 309
Wuhan mainly depends on the mid-upper level southerly winds, particularly the southwesterly winds, 310 which transport water vapor to Wuhan from the south, substantially enhancing the RH (over 96%) (Fig. 311 populous and densely urbanized regions in the world. This low-lying area is surrounded by the Pearl 318
River estuary, where the East River, West River, and North River converge to flow into the South China 319
Sea. With the South China Sea to its south, the Pearl River Delta region is often influenced by southerly 320 sea winds; however, with the mountainous area in northern Guangdong to the north (Fig. 1) , the Pearl 321 River Delta region is less affected by northerly cold and clean winds. Situated at the heart of the Pearl 322
River Delta region ( Fig. 1) , Guangzhou is the most populous city of Guangdong Province. However, due 323 to the lack of a meteorological radiosonde station in Guangzhou, we used the sounding observations from 324
Qingyuan, a city with similar PM2.5 variation trends ( Fig. 9 (a)); Qingyuan is located approximately 60 325 km to the north of Guangzhou. 326
From December 1, 2016 to January 10, 2017, the PM2.5 mass concentration in Guangzhou and 327
Qingyuan is ~50 μg m -3 , which is much lower than that in Xi'an, Nanjing, Wuhan, Chengdu, and 328 (Figs. 3, 4, 8, 7, 9, 12 (a) ). During this period, only one HPE occurred, and it lasted for more 329 than 8 days with a peak mass concentration of approximately 150 μg m -3 (Fig. 9 , blue line). During this 330 episode, we observed surface radiation reductions, near-surface inversions, low-level RH enhancement, 331 and increases in the PM2.5 mass concentration under slight or calm winds (Fig. 9 , red/white boxes below 332 the blue line), which suggest that a two-way feedback mechanism exists in the region. Except for this 333 episode, we found that the PM2.5 mass concentration increased during slight or calm winds but was still 334 below the threshold (Fig. 8 , the red boxes before Jan 1, 2017) (Zhong et al, Tellus B, 2018, accepted) ; 335 thus, no inversion or increased RH occurred because the two-way feedback mechanism was not 336 effectively activated. 337
Shenyang
Clearing pollution from Qingyuan depends on the lower strong northeasterly winds, which transport 338 dry, cold, and clean air to decrease temperature and RH and blow aerosol pollutants away from Qingyuan. 339 (Fig. 9 (b, d) , purple boxes). In addition to the blowing effect of the cold northeasterly winds, the aerosol 340 pollution in Qingyuan is also affected by the mid-upper level sea flows, which enhance the atmospheric 341 RH to cause the PM2.5 to enter the fog-cloud phase and possibly produce precipitation that eliminates 342 pollutants through wet removal ( Fig. 9 (d) , blue dots represent precipitation). From December 1, 2016 to January 10, 2017, three HPEs appeared in Chengdu (Fig. 10, blue boxes) , 359 and these episodes lasted for more than 10 days and had peak mass concentrations greater than 200 μg 360 m -3 ( Fig. 10 (a) ). During these three episodes, we observed thick mid-upper level fog/clouds above 361 Chengdu ( Fig. 10 (d) ), which was blocked by the surrounding mountains and upper-level inversions. The 362 mid-upper level cloud competes with the near-surface aerosols for solar radiation, i.e., as more solar 363 radiation is reflected by the mid-upper layer cloud, the near-surface aerosols receive less solar radiation. 364 Therefore, with cloudy mid-upper layers, more solar radiation is reflected back to cool the atmosphere 365 below the clouds, and this condition suppresses the two-way feedback mechanism between the 366 unfavorable weather conditions and the near-surface aerosols. Consequently, the two-way feedback was 367 weak and nearly no near-ground temperature inversion was observed (Fig. 10 (c) ). Despite the lack of a 368 two-way feedback mechanism to aggravate aerosol pollution, the increase in the PM2.5 mass 369 concentration is still under stable stratification dominated by slight or calm winds (Fig. 10, red boxes) . 370
Comparing the RH variations in the two process of increasing PM2.5 (Fig. 10 red boxes) during the HPE 371 from December 26, 2016 to January 6, 2017, we found that the PM2.5 mass concentration increases 372 correspondingly with the lower RH. 373
In addition to the near-surface weak winds, persistent aerosol pollution is a result of temperature 374 inversions caused by the southwest warm advection (Fig. 10 (b, c) , brown boxes). The ground of the 375 surface ambient air (Fig. 11) . When the relatively warm air moves east across the Tibet Plateau under the 377 southwesterly winds, it forms an inversion above the basin (Fig. 10 (c), brown boxes) , which caps the 378 convective layer and then induces the accumulation of aerosols and water vapor. 379
Effective pollution clearing rarely occurs in Chengdu because the Sichuan Basin is less affected by 380 the cold, clean northerly winds as a result of the surrounding high northern mountains. However, as soon 381 as aerosol pollutants and water vapor are cleared, aerosol pollution will form again due to more longwave 382 radiation lost from the ground. For example, during the period of December 4-7, 2016, the fog/cloud 383 dissipated, and the PM2.5 mass concentration dropped to a low value on the 5 th ( Fig. 12 (a, d) ). Due to the 384 absence of cloud/fog blocking, more longwave radiation from the ground was emitted into space on the 385 6th night, and the surface net radiant exposure decreased from -0.58 on the 5 th to -1.45 on the 6 th (2.5 386 times) (Fig. 12 (e) ). The significant reduction in the surface radiation cooled the near-surface atmosphericfound that the lower temperature profile was strikingly modified by the two-way feedback mechanism 434 (Fig. 14) . On the North China Plain, the Guanzhong Plain, and the Northeast China Plain, the lower 435 temperature bias between the sounding observations and the ERA-interim data was close to zero below 436 the threshold of 100 μg m -3 but immediately became negative above the threshold (Fig. 14 (a, b, c) ). In 437 the Two Lakes Plain, the Yangtze River Delta, and the Pearl River Delta, we observed a similar reduction 438 in the temperature difference below and above the threshold of 71 μg m -3 ( Fig. 14 (b, c, d) ). Overall, the 439 magnitude of the two-way feedback mechanism was larger in the North China Plain, the Guanzhong 440
Plain, and the Northeast China Plain than in the Two Lakes Plain, the Yangtze River Delta, and the Pearl 441
River Delta. 442
For each representative site, the low-level cooling bias was more striking near the ground surface; 443 additionally, as the PM2.5 mass concentration increased, the low-level cooling bias became more 444 significant (Fig. 14) . In Beijing, the negative temperature difference reached more than 2℃ with PM2. conditions, the near-ground cooling bias was greater than -4℃, approximately -4℃, and approximately 450 -1℃ in Beijing, Xi'an, and Shenyang, respectively, which was substantially affected by the two-way 451
feedback. 452
To quantify the feedback of the worsened meteorological conditions on the increasing PM2.5 in the 453 CSs, a PLAM index was used, which mainly reflects the stability of the air mass and the condensation 454 rate of water vapor on aerosol particles. The squared correlation coefficients between the hourly PLAM 455 and PM2.5 mass concentration in the typical PM2.5 increase processes during the CSs were 0.71, 0.7, 0.72, 456 0.68, 0.64, and 0.63 in Beijing, Xi'an, Shenyang, Wuhan, Nanjing, and Qingyuan, respectively (Fig. 15  457   (a, b, c, d , e, f)); these values exceeded the 0.05 significance level, which suggested that such a 458 meteorological feedback on PM2.5 explained 60~70% of the increase in the PM2.5 during the CSs. 459
Conclusions: 460
Here, we used PM2.5 observations, surface radiation data, radiosonde observations, meteorological 461 Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-1077 Manuscript under review for journal Atmos. Chem. Phys. Discussion started: 5 November 2018 c Author(s) 2018. CC BY 4.0 License. allowed to occur without restrictions; when aerosol pollution cumulates to a certain extent, it will 520 significantly worsen the BL meteorological conditions and "close" the "meteorological channels" 521 available for pollution dispersion. 
